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- , ' EXECUTIVE SUMMARY

PROBLEM

'ExaminLthree-dimensional matched filtering and show how it can be applied to
accomplish target detection over sequences of observed scenes, which is an important
extension of classical two-dimensional image processing(Pfrovide examples to demonstrate
and validate these results.

RESULTS

'Three-dimensional filtering techniques can be easily modified to act as a space-shift.
time-delay-and-integrate matched-filtering technique. Computer simulations verified the
validity of this modification. The results demonstrate signal-to-noise ratio gains
asymptotically growing by the filter integration time over those normally obtained by
two-dimensional matched filtering of the individual frames in a sequence. The specific form
of the output is ideally suited for moving-target indicator (MTI) applications, or can be
used in conjunction with some other target-speed and detection-localiing algorithm.
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1.0 INTRODUCTION

A pressing problem in remote sensing is the detection of weak targets in highly
spatially structured optical imagery. Such imagery can betgenerated by a scanning point
detector or linear photodiode array, or by a staring mosaic photodiode array. Reviews of
current image-processing trends have illustrated their utility for enhancing the inherent
information content found in remotely sensed multispectral imagery 11-6]. Most of these
techniques are generally suitable for feature extraction and or pattern-recognition
applications, and as a consequence are not always helpful in the detection of small. weak
targets. Other signal-processing techniques are used to provide target detection and
localization [7].

When the target is moving with respect to the background, several signal-detection
methods can be applied to the image pixel data to reduce the inherent background clutter
in the imagery and enhance target detectability [7-12]. For example, the accepted approach
for localizing targets in staring mosaic data sequences is to frequently bandpass the imagery
by using either an analog or digital filter: e.g.. frame-to-frame subtraction or a third-order
transversal filter [7-9j. These techniques are known to produce excellent results pro% ided
the target is relatively strong. Otherwise. they must be used in concert with other signal-
enhancing methods [7, 10-12].

Mohanty has hown that potential track trajectories of a weak point target can be
assembled through exhaustive search of all possible trajectories in a gixen frame sequence
101. Unfortunately. for a staring mosaic array of reasonable si/e. the number of possible
trajectories to be searched can be large, hence it is an unattractive approach to target
detection. Barniv used dynamic programming to reduce this approach to a more reasonable
level through specific knowledge of potential speed windows and target shape [Ii].

A more robust track localization technique has been developed by Reed. Gagliardi.
and Shao for detecting weak, moving targets in background clutter by using three-
dimensional (3-D) matched filtering [12]. This method performs moving-target-signature
matched filtering in the Fourier domain, with proper signal phasing automatically applied
in order to "coherently" sum the target energy and reduce background noise. The result is a
set of matched-filter peaks indicating detected pieces of track. Its strengths lie in its ability
to operate on several potential target tracks simultaneously (independent of their respccti\e
space time origins) and to bring out partial as well as lull tracks with enhanced signal-to-
noise ratios often substantially in excess of what normally would be obtained from spatialIx
filtering each individual frame separately. Its weakness is that this method requires kno%%-
ledge of the moving target's temporal signature. an aspect not alwaxs kno%%n a prioi. I his
apparent drawback can be compensated tor. hut at the cost of increasing the number ot
filter banks significantly to accommodate all possible temporal signature variations of each
prospective target of interest.

To eliminate this last cost impact. the same filtering approach can be reconfigured
as an ensemble mo ing-picture processor. Its specific form is ol a space-shilt and tinc-
delay-and-integrate matched filter. and it retains much of the processing strength described
above. However, its real impact is to reduce the number of filter banks to the lcel
necessary for basic target velocity discrimination, and this can be reduced further bx target
parameter estimation by means of data fusion.*

*Kendall. W. B.. Space Computer Corporation. prixate communication.
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The intent of this report is to further examine three-dimensional matched filtering
and to show how it can be applied to accomplish target detection over sequences of
observed scenes. which is an important extension of classical two-dimensional image
processing. Examples are given to demonstrate and validate these results.

2.0 ENSEMBLE MOVING-PICTURE PROCESSING

Reed. et al. 12. have shown that the optimum three-dimensional matched filter for
a moving target is obtained by maximizing the received signal-to-noise ratio through linear
filtering. Its specific form is

A*(w + k • v) So(k)
kDo(k:w) G(k) (1)

where

S N) alt) exp '-ik d (3dt)
-00

+00

N oUk) f so( r )exp 1-ik r .dr (3)
.9 -00

+00

f/o(k:w)  P(. 0r:t) exp {-ik r- icwt-d 2 rdt (4)
-00

and

+00

G(k)- i( r )I- exp :-ik rd-r 5

-00

where the authors have assumed a moving target of spatial profile so(r) and temporal
intensity function a(t) tra\ersing a certain portion of terrain %kith elocitN %. This terrain
is assumed to possess colored Gaussian intensity statistics with autocorrelation ($r:t). The
entire scenario is imaged in an optical system with point-spread function Ih(r)l- onto a

large high-density. high-speed photodiode array. The appendix contains a detailed
derivation of the optimum filter H(k:w). The resulting data sequence is assumed after
sampling to be quasi-stationary in intensit%. space. and time. and forms a continuous
"'moing picture." %Ahich &ill be image processed to yield the existence of the mo\ine tareet.
On the assumption that the signal is additive to the noise, the two possible output
sequences are

y( r:t = no (r:t) ((a

and

y( r-t) =  no  ( r.t) + s( r-t) tb)

1 -



with the particular choice depending on whether the target is absent or present.
respectively. Here n0 (r:t) aid s(r:t) are the received background and target intensity
distributions, respectively (see appendix A).

In general. the exact form of the target temporal intensity function a(t) is not
known beforehand. This implies that the size of the matched-filter bank will be quite large,
since it must encompass all possible targets, shapes, velocity windows, track orientations.
and, now. intensity functions. Such additional complexity would generally make this
approach undesirable. However, if the above three-dimensional matched-filter approach is
restructured as a space-shift and time-delay-and-integrate matched filter, significant target
signal-to-noise ratio gains are still achievable, and with reduced processing complexity. In
this technique, a(t) is replaced as the temporal intensity variation by a processing window
function for simultaneously interacting the various frame groups within the sequence. The
simplest form for a(t) is a rectangular time function of width, TI seconds, centered about
t = 0. Mathematically, this is expressed as

; a(t) = rect [tl =I I t I T 1/2

0 • otherwise

As will be shown, the input sequence must be greater than or equal to T I so that this
technique will yield optimal results. The potential signal-to-noise ratio in this case is
derived below. For simplicity and without loss in generality, let E[no(r:t)] = 0. Also. let the
noise spectrum be white Gaussian and the point-spread function of the optical system
Ih(r)12 equal 6(r).

For an image sequence of long duration, the input signal intensity has a Fourier
transform of the form

S(k:cw)=T 0 sinc [ (c+k • v)T 0 /27r] S0 (k)e- ~ -

where

To  frame sequence length (>T 1 ) = MT6

Tb time between frames, and

sinc (ir.a)
sine [a] =-

Figure I illustrates a target moving across a fixed scene in M = To To frames ol a
sufficiently large sequence of images. Using equation I with a rectangular-%%indo% , ignal
function, the optimum three-dimensional filter becomes

H(k:co)=T 1 sinc [(c + k -v ) Tl/2ir] 0
No

for a white-Gaussian background-clutter target-detection scenario. This implicN that the
output image has a mean level at the target position equal to

3

1S

4, p ~ ~ .p,. .



FINITE DATA SEQUENCE:

- *00

- r

Figure 1. Example image set containing a moving target transvering a fixed scene during a finite portion
of a countably infinite data sequence.

+00

H(k:) S (k:c.) exp 'ik" r+iwt; d-kdw
(27r0- ... .

TOT, * 1S(k)l- nb~
- T is I [(w0,ki(10)

(21r) 3  - - N 0n [/ • T r ( 0)

X sinc [(o+k )T/27rI exp {ik (r -r 0 )+itl, d-kdw

+ - So(r'- r+ ro +v t)S (r ') - r, - r t t'
i-=-/ NOr- / rtL-jrectLj dt'(i)

0
O  r  

0 00

Bit I. .. . d-r' 21

where

0 itl > T0 /2 + T, !21

it +T0/" + T/12 -To!2-T, 1 2<It<-To2+TII2

Bit) T, l13)
B~t = T 1  - tl I To 2 - T 1 '2,

To" T0 2 + T i - To ' 'T i - T , _ t< To,'-'+ lI

-rom equation 13. it is apparent that the matched-filter pcakfs) occur \%ithin the central
portion of the second image sequence of tlime length-1 (1. N ormall\. this peaks, k,% ould be
cxpccted to appear towards the end of the data sequence. Ho\ccr. the central procc,,sing
peak approach was chosen out of a desire for symmetry in the processed output and %%ill he
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retained for the remainder of this report. Both output approaches are correct. but those
readers desiring the classical result need only multiply equation 9 by the appropriate phase
term to shift the filter peak to the sequence end.

The image variance is given by

N0  0
VAR [y(r:t)] = ( Jf i(k3 )1- d-kdc (14)

~ (2ir)3 _

= -k dk(T 1) sin 2  dw' (15)_, 3 -00 No _00 2_--r

- f r d r'(4/r) J - ' d 2 W, 10)
- 0  0

It SO( r')l2I

TI .]) No d-r' 17

Thus the resulting signal-to-noise ratio can be written as

SNR= -Ey___.- (18)
VAR [y(r:t)]

F
2 +- - SO(r' - r + r0 + vt) SO( r'

B2(t) ~ 0 0 0 dr ,

T 
II

- T1  j N d -r'

at its peak location. It is apparent from equation 20 that three-dimensional matched
filtering yields a peak signal-to-noise ratio increase over two-dimensional matched filterine
by a factor of T !, the temporal width of the rectangular time filter. Clearly, this gain can he
significant for most reasonable integration times. However. it should be emphasie- t h:.
these results hold only for constant target intensity. AdIustnment in the required S\ R
margin should be made for intensity 'ariations such as scintillation aind fading of the
target, which might occur during the filter integration time. In the lollo\ ing sectlion. a
sequence of computer-generated images with a modeled airplane mo\ing across the frame,
is used to verify these results.

5
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3.0 ENSEMBLE MOVING-PICTURE PROCESSING OF SIMULATED DATA

To test the above theoretical formulation, three groups of' 30 sample sets were
created. Each sample set consisted of 19 white Gaussian images, with a modeled airplane
propagating across each of them. The random numbers used in each group of each set were
independently obtained from a mathematical procedure suggested by Dillard F1 3!. Each
group contained zero mean image sequences with an average noise clutter of 10.0. The
three groups are distinguished by having target signatures with single-pixel signal-to-noise
ratios of 6 dB, 0 dB. and -6 dB. respectively. Here we define the single-pixel signal-to-noise
ratio to be

[SO - BI-
SNR i = I ( 21 

oi-

with So -= intensity value of the target within one pixel

B= mean background intensity level
0.0 for this simulation ,

and o= Standard deviation ofthe background clutter
F= 10.0 for this simulation]:

Figure 2 illustrates an example frame of data and the spatial profile of the simulation

target. In this figure. the spatial dimensions of the image are 23 X 23 pixels and the signal-
to-noise ratio at one target pixel is 23.5 dB. Figure 3 shows the same frame as in figure 2.
except that the target signal-to-noise ratio is 0 dB. The speed of the target was set at a
uniform I pixel per frame. Specific matched filters were generated by using equation I for
each image sequence for the following integration time windows: T 1. 3,4.9. II. 15.
and 19. Each image and each sequence were zero-filled to yield 45X45X45 arrays to
minimize image wraparound when processed by using the discrete, finite-interval Fourier
transform. Figures 4. 5. and 6 plot the expected signal-to-noise ratio given in equation 19
for the matched-filter peak as a function of frame number for initial single-target-pixel
signal-to-noise ratios (SNR) equal to 6 dB. 0 dB. and -6 dB, respectively. For these
calculations, the peak signal-to-noise ratio can be written as

SNRp 10 -l-O T 1 + 10 lOgl0 (15) + SNR i (dB) 2 21,1

= iOioloIT I) + I I..OdB+SN iR (__

in decibels. The first term represents the processing gain from temporal matched filtering.
*, the second represents the gain from spatial matched filtering (equal to the number of

independent samples composing the target), and the third term is the inherent signal-to-
noise ratio of the target in this background clutter. These last t%%o term, comprise the
expected peak signal-to-noise ratio obtainable from t ko-dimensional matched tilternug.
I sing equation 22b. the linear increase ot signal-to-noise ratio k ith obser\.at ion time can
cleark be seen in these three figures.
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INITIAL TARGET PROFILE

(NOT TO SCALE)

Figure 2. Spatial profile of simulation target.
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Figures 7 and 8 were typical filtered images obtained by three matched filters
processing the image sequences from which figure 6 was taken, using an observation
window of 15 frames. These last two figures were created by squaring the real and
imaginary parts of each filtered image pixel and storing their individual sum as the
resulting filtered pixel for each processed image. The signal-to-noise ratio of each image
was calculated by sampling the highest filtered target pixel (the peak created by the
matched filtering), calculating the first-order moment of the individual frame (minus the
target area contribution), and using the equation

SNR M - E{S 2 +N2 } - ( 23)
E{N'2}

The pixel location of the peak intensity was in row 14 and in a column position equal to
the frame number plus two. The signal-to-noise ratios for figure 7 were around 23.5 d B.
Specific details of the processed results are as follows.

Figure 8 shows resulting signal-to-noise ratios for the filtered 6-dB image set as a
function of the observation window. These signal-to-noise ratios were obtained by a~er-
aging 30 samples of measured signal levels and mean noise levels within a I X 10X I X 23
window of each image and using equation 23. It is apparent from this figure that the signal-
to-noise ratios for each image increases with integration time. with the greatest gains within
the center images. From our discussion in the previous section, this is not too surprising.
However, a comparison of figure 8 with figure 4 shows that the measured signal-to-noise
ratios have a more graceful falloff from their peak values than theory predicts. The reason
for this is shown in figure 9. Recall that figure I illustrates the assumed processing
geometry for the theoretical development given above. We have an infinite (or sery large)
number of frames in which a certain number of frames will ha~e a target propagating
across the sequence. 'This allows maximum buildup of signal energy and a constant noise
Nariance to occur. Figure 9 shows the real situation. We are reall% dealing with a finite
number of frames: 19 in this simulation This implies that the noise %ariance will he subject
to the same energ. buildup as the signal energ. does. and %ill be gisen b%

+00 1
VAR I r.t I) = Bit S- d-r ,241

This is hbecause the ensemble mo% ing-picture processing is a s lding-intcr~al technique and
will include /cro-filled images in its processing chain fo large intcgraton time, I hc result
is a filtered signal-to-noise ratio equal to

* 1'
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INFINITE DATA SEQUENCE:

T T T=MT
000 0 0

Figure 9. Realistic image-processing geometry for three-dimensional matched filtering.

rather than equation 19. Figure 10 shows a comparison of equation 25 with the measured
signal-to-noise ratio shown in figure 8. It is apparent that these results agree well with the
revised theory. However, it is als*o clear that there is a slight oscillation. on the order of a
dB or less, of the measured signal-to-noise ratio for the smaller filter integration times.
Figures II and 12 compare equations 12 and 24 with the measured signal and noise
variance levels. respectively. It is dIear from figure I I that the measured signal level follows
the theory almost perfectly, while figure 12 shows an oscillator' nature in the measured
noise variance as compared to theory. This may be a result of our using an infinite-interal
processing filter with finite-domain Fourier-transformed imagery. whose effects a~eragc out
for large filter integration times. However. this oscillatory effect is small and does not
negate the power of the technique.

Figure 13 illustrates the measured signal-to-noise ratio from the O-dB initial SNR
simulation with equation 25. As noted earlier, the image sequences used were drawn from a
completely different randot,-number sequence than was used to create the 6-dB set. It is
clear that these results also agree well with the revised theory. with the same oscillator\
hehavior at the lower integration times. Figures 14 and 15 compare equation, 12 and 24
,ith the measured signal and noise ,ariance levels. respectively. and sho\ that the
oscillations are in the measured noise ,ariance. as noted before. Figures 16. 17. and IS
repeat the same comparisons as 13. 14. and 15. respecti\el\. except for an initial signal-to-
noise ratio of -6 dB. These results are consistent with the other t\(o independent
simulations and illustrate that three-dimensional matched filtering can bring a target's
presence out of the noise in a predictable lashion. This can he quite important for weak
target detection in strong background noise or \hen target lading occur,,.

Figures 10. 13. and 16 indicate that three-dimensional matched lilItcring create, I
matched-filter peak vithin one frame such that a target no-target decision can hc miadc h\
means of intensit\ thresholding there. This suggests that this approach ma\ ha\e merit in a
mo ing-target indicator ( M ) scheme.

4.0 ENSEMBI.E MOVING-PI(T1 RE PRO(ESSIN; V%
A MOVING-TARGET INDICATOR

The sensiti,it\ of ensemble mo ,ing-picture processing to ,elocit\ mismatch can hc
asessd as, ?rlih , r m ()ur de\el()pment in scction 2. it can he se'n thait a, It\
nMImat, h \Aill ink affect the filtered signal lecl. hut r()t the prwc,,,cd 1111,C il.'\'l Ih1
niplies that i)nc needs t)nl\ to) recalculate the lerI signal Ic\cI 1.i t I 1 Iuflul ,iCfh l.
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quite desirable from a data-processing point of view and will be investigated further. If
true. this means that 3-D filtering for mouing-target detection could be viewed as a coarse
MTI approach and could hand off potential target information to other systems designed
for finer target localization. Otherwise, a derivative matched filter must be used to enhance
shape discrimination. assuming that the imagery is adequately sampled 14

5.0 CONCLUSIONS

In this report, we have shown that the three-dimensional filtering techniques
developed by Reed, et al. 12, can be easily modified to act as a space-shift. time-delay-
and-integrate matched-filtering technique. Computer simulations verified the validity of
this modification. The results demonstrate signal-to-noise ratio gains asymptotically
gro\ing b\ the filter integration time o\er those normall\ obtained by two-dimensional
matched filtering of the indiidual frames in a sequence. The specific form of the output is
idealk suited for NITI applications, or can be used in conjunction with some other target-
speed and detection-localizing algorithm.
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APPENDIX: DERIVATION OF OPTIMUM 3-D MATCHED FILTER
FOR COLORED GAUSSIAN NOISE

Consider the remote sensing geometry illustrated in figure A-I. An optical imaging
system is located a distance R above a natural terrain with temporal-spatial intensity
distribution n'(rt). The resultant imagery generated by this sy -.cm is sampled by a high-
density, high-speed photodiode array and stored in the form of quasicontinuous (both in
space and time) image sequences. For incoherent background illumination, the stored
intensity distribution n0 (r:t) can be shown to be given by

+00CC
no(r:t) -- K Ihr - r')12 n0(r:t) d-r (A-I)

where K is a real constant [15J. in this equation. h(r) is the impulse response function of the
optical imaging system under coherent light illumination. The magnitude squared of this
function is called the point-spread function (abbreviated PSF), and is linked to the optical-
transfer function (OTF) of the imaging system through the relation

Cc
J Ih(r)l" exp (-ik - r: d-r

,C(k) (A-2)

ff lh(r')12 d 2 r'

-00

If a target of interest moves through the imaged scene, its intensity distribution is
also mapped onto the photodiode array. In particular, the target or signal intensity has the
form

+00

s(.r.t K f Ih(.r - r')1 s'(.r':t) d-r

where s' and s are the intensity distributions of the moving target before and after
sampling, respectively. For this discussion. let us assume that no and s are transferred into
storage without any additional noise contamination. This implies that the tmo possible
output image sequences are

y(r;t) n0(r:t) (A-3)

and

( y(r;t) n0 (r:t) + s(r:t) (A-3h)

A-I
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Figure Al1 Optical remote sensing geometry.

w th the particular form of 'd r:t) depending on whether the target is absent or present,
respceti~el\ It is apparent from equation A3-b that t'he assumed target of Interest Is
transparent to the background illumination, is blurred to the point that this additive
relation approximatel% holds, is small compared to the pixel area. or is contained in frame-
io-trarne difference data. Although these assumptions may not include all possible remote-
,cring teena rios. lie applieation of maxim um-likeli hood detection techniques to three-
dimensional image processing may still prove useful in target- locali7iation situations not
kc,)%red h% equation A-3b.
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Given the above. Reed. et al. [1211, developed the optimum three-dimensional match
filter for moing-target detection s.hown in figure A-2. and which can he described as
follows: The target of interest is specified to possess a spatial profile so(r) and a temporal
intensity function a~t). In addition, it traverses the imaged terrain at a velocity Nv. This gi~es
a stored-target intensity distribution of the form

Fiur3-2. 3-DRS mace-itrpocsigpoue

with 0 beig thelocainr of 2 the tagtatch-ite . o i trsocrmigeuto -4ed

'p -I- 00

s( r: st) Kx {( )P Nr-ik)2 o r'-ro -iwt} dd r A-
-00

JJkw) (rt) /1p s(- k-r -0 itflhrrKcp
* -00 -0

+00 000

= jAt) so(r' JJ r - -)I r0 - vtfl- kCxr -I Ik - -'W'Lr"d
-00 0 0

+00 +00

= JJ a( t) so( r") Jj Jh( r)rI-T - exp ik (r - ~ itL~"d
-00 -00

exp *-iwt- d 2 r" dt

G(k)exp '-ik *ro;J a(t) so(r") exp :-k r" - itw + k v rd-r" dt

=exp ;- ik ro-A(w + k vS(kG(k) (A-o)
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\ here

+00

At wM ) J ailt) exp -iow- dt I A-7)

-0-0

+00

S 0 (k j s 0 r)exp .- ik r: d-r (A-81

-00

+00

.f Ihrw exp ik r -r (A-9)
-00

+00

It•'o; - k)(,(k')dk (A-10)
-00

and

+00ri.0- -o

Golk) ]J hlrlexp .- ik r. d-r (A-IlI
-00

The noise in the.recei',ed pictures is given by
,-..,

+00

n0 Mr:t) = F0- njr - r-t) 'h( r')n- d-r' (A-12)

-00

This implies that the autocorrelation function for the received clutter is equal to

00rt;En n(rt')ni 0(r' +rt')-

+00

ffff Ii,(r") 2 E n(r'6 - r':t') n(r' - r +r:t' + t), h( r"')2 d-r" d2r'''
-00

+00

=f lff ' ),, -)) F 'nb(r ':t')n0(r' +r'" + r- r'....t' + t )' h( r'l d-r'' d'r'''

-00

+<:0

liJ ( h ,'206r +r" - r'":t) Ih(r'".). 2 d2 r" d2 r''' (A-13)

-00-
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with

o6( Q0 r , t niii r.t'i nl('(r '+ r, + t II I 4i

The power spectrum ol the recei~ed clutter is then

++00

4P6(k; 0JJ ~r . t e\ 1 - ik *r - iwtLl -rdLltIVI
-00

.1and

G k G( k A-

by mxim/in th (ffl.e sinl-to-oisertio.'
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